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There is evidence to support that early life exposures are related to health outcomes across 
the lifespan. Whether maternal activity behaviors during pregnancy may impact early childhood 
health remains unknown. Methods: This follow-up study recruited mothers with objective 
measurement of sedentary behavior and MVPA across pregnancy from a previous cohort study. 
Offspring anthropometrics from all pediatric visits from birth to 24 months were abstracted from 
children’s medical records (n=60). Motor development was parent-reported on the Early Motor 
Questionnaire (EMQ) and by age of crawling and walking onset (n=70). Childhood growth was 
analyzed as dichotomous catch-up growth (increase in BMI z-score >2.0 between birth and 12-
months) and growth rate (incremental rate of BMI z-score change up to 24-months). Logistic 
regression models examined the associations of maternal activity with risk for catch-up growth. 
Mixed linear models examined associations of maternal activity with growth rate. Linear 
regression models examined the associations between maternal activity and EMQ scores, crawling, 
and walking onset age. Maternal activity was the independent variable in all models and analyzed 
in two ways: trimester-specific and across pregnancy using trajectory groups. Adjustment for BMI 
z-score at birth was added to each model to evaluate whether birth size attenuated associations. 
Results: Higher maternal MVPA was related to a greater risk for catch-up growth (p<0.03), more 
rapid growth (p<0.02),  more advanced motor development (p<0.03) and, in the second trimester 
only, later age of crawling onset (p=0.048). Higher maternal sedentary time was related to more 
 v 
rapid growth rate (p=0.001) but not catch-up growth or motor development. Associations between 
maternal MVPA and catch-up growth were attenuated by adjustment for BMI z-score at birth, 
while associations of MVPA with motor development were unchanged. Conclusion: Our findings 
identify a modifiable prenatal exposure which may impact health risk of the offspring. While 
MVPA may improve motor development in early childhood, the increased risk for catch-up growth 
elicits further investigation. Higher sedentary behavior being related to more rapid childhood 
growth reinforces the need for more sedentary behavior research and consideration of 
recommendations for pregnant women. Overall, maternal activity profile shows promise as a 
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Non-communicable diseases, such as cardiovascular disease and type 2 diabetes, are highly 
prevalent. In the United States, 121 million and 26 million individuals have been diagnosed with 
cardiovascular disease and diabetes, respectively.1 Globally, one in four deaths are a result of a 
non-communicable diseases.2 These diseases develop across the lifespan3 and, therefore, 
preventative efforts are critically important. 
The Developmental Origins of Health and Disease theory focuses on the fetal environment 
as the earliest determinant of long-term, non-communicable disease risk. A suboptimal fetal 
environment results in poor fetal growth and increased susceptibility to disease development 
across the lifespan.4-6 Birth size is often used as proxy measure of adequacy of nutrient delivery 
and subsequent fetal development and is represented as birthweight (grams), weight-for-length 
(such as ponderal index= birthweight(g)*100/birth length(cm)3 or body mass index= 
birthweight(kg)/birth length(m)2), or size for gestational age (based on population norms and 
classified as small, adequate, or large for gestational age).7 A smaller birth size has repeatedly been 
linked to poorer health outcomes in childhood and adulthood. These include higher blood pressure, 
insulin, and body weight in childhood,8-11 and greater risk for ischemic heart disease, coronary 
artery disease, hypertension, and type 2 diabetes in adulthood.12-16  
To prevent this cascade of cardiovascular risk that begins in utero, improved understanding 
of modifiable factors that impact the intrauterine environment are needed to inform intervention 
targets and public health recommendations for pregnant women. Nutrients obtained and 
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sufficiency of fetal growth is a result of the environment in which the fetus is growing.17 The 
placenta responds to maternal nutrition, obesity, inflammation, and other perturbations, 
determining the intrauterine environment.17 Thus, through an effect on the placenta, maternal 
health behaviors during pregnancy may play an important role in fetal programming of disease 
and provide opportunity for future interventions. 
One potential behavioral target for improving the fetal environment is maternal activity 
profile during pregnancy, including moderate-to-vigorous intensity physical activity (MVPA) and 
sitting (i.e., sedentary behavior). This profile may have an effect on fetal growth due to the effect 
of exercise on placental nutrient transport and energy metabolism.18,19 Higher levels of MVPA 
have been associated with improved fetal growth20-24 and early childhood neuromotor 
development.25  Less is known about the potential effects of sedentary behavior, defined as any 
waking behavior characterized by an energy expenditure ≤1.5 metabolic equivalents (METs) while 
in a sitting, reclining, or lying posture, on fetal growth.26  Few studies have examined the 
associations between sedentary behavior and fetal growth. The existing studies have found no 
association between sedentary behavior and size at birth; however, these studies have measured 
sedentary behavior by self-report,27,28 which likely has significant error in measurement, or only 
report birth weight29,30 as an outcome, which may not capture the effects of growth restriction as a 
weight-for-length measure would. Intriguing pilot data from a recent study in our lab (n=103) 
support a potential effect of sedentary behavior on fetal growth. This study found that high levels 
of objectively-measured sedentary time during pregnancy were related to lower (worse) infant 
ponderal index at birth (p<0.001). In the same study, maternal MVPA patterns were not related to 
infant ponderal index. These findings provide more robust evidence that the sedentary behavior 
component of the maternal activity profile might be associated with fetal health and development  
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Overall, it appears maternal activity profile could be important for fetal growth and 
development, but limited data are currently available. Yet, to our knowledge, no prior research has 
assessed the longitudinal effects of sedentary behavior during pregnancy on child outcomes during 
early childhood; this research question is the focus of the current dissertation project.  
In early life (<24 months old), markers of cardiometabolic disease development (e.g., 
elevated blood pressure, reduced insulin sensitivity) may not yet be apparent. However, infant 
growth rate and early motor development have been identified as important early life health 
indicators. There is substantial evidence demonstrating the long-term impact of accelerated growth 
in early life.31,32 Infants with lower birth weight, lower weight-for-length, or those born small for 
gestational age (SGA) are at a greater risk for rapid growth in the first 2 years of life.33 Children 
who grow more rapidly have greater risk for poor cardiometabolic health and overweight and 
obesity in childhood and adulthood.10,31-35 Less is known about the long-term health implications 
of motor development at a young age; however, there is evidence to support its utility. Poorer or 
delayed motor development is related to increased risk for obesity and lower levels of MVPA36,37 
in childhood.38 
Though our previous data suggest maternal sedentary behavior is associated with infant 
size at birth, whether the effects of maternal activity profile across pregnancy persist after birth to 
impact growth and development of the offspring in early life remains unknown. Thus, the present 
study includes longitudinal follow-up study of the children born to mothers enrolled in our 
previous cohort study which measured objective activity patterns across each trimester of 
pregnancy. This project measured new outcomes including early childhood growth (Aim 1) and 
development (Aim 2) at 1-2 years of age to relate to maternal activity profile during pregnancy. 
An additional exploratory aim sought to evaluate whether previously identified effects of sedentary 
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behavior on birth size attenuated associations identified in the first two aims. Therefore, the aims 
of the current investigation were as follows: 
1.2 Specific Aims 
Specific Aim 1: To examine associations between maternal activity profile across pregnancy and 
by trimester with infant growth rate up to 24-months of life. 
Hypothesis: Higher maternal sedentary behavior and lower maternal MVPA will be 
related to greater risk of catch-up growth and more rapid growth rate. 
 
Specific Aim 2: To examine associations between maternal activity profile across pregnancy and 
by trimester with child motor development. 
Hypothesis: Lower maternal sedentary behavior and higher maternal MVPA will be 
related to more advanced motor development.  
 
Exploratory Aim: To evaluate the influence of BMI z-score at birth on associations observed in 
Aims 1 and 2.  
Hypothesis: Covariate adjustment for BMI z-score will attenuate the associations between 
maternal activity profile and early childhood growth and motor development. 
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1.3 Significance and Rationale 
Previous studies have found that activity during pregnancy is associated with improved 
nutrient delivery to the fetus by improving the function of the placenta.19,39 In conjunction with 
our findings that high sedentary time was related to lower birth size, we hypothesized that maternal 
activity profile influenced the risk for insufficient nutrients or growth restriction in our cohort. 
Previous research, primarily in animal models, has demonstrated sustained structural and 
functional difference in organ systems resulting from growth restriction during gestation. These 
studies have found poorer metabolic function,40 blood pressure regulation, and cardiovascular 
function.41,42 In humans, reduced neurodevelopment43 and narrowed carotid artery structure in 
children44 was found in those that were growth restricted in utero. One early sign of insufficient 
intrauterine environment or growth restriction includes rapid growth during early childhood,10,11 
which is strongly related to long-term cardiometabolic risk12,45-47 and adiposity.11,48 Therefore, 
preventing fetal growth restriction and subsequent rapid growth patterns is critical to improve long-
term health across the lifespan.  
This present study tested the hypothesis that more favorable maternal activity profile 
during pregnancy was associated with intermediate outcomes between birth and cardiometabolic 
disease in adulthood. These outcomes included risk of catch-up or rapid growth and motor-skill 
development between 12-24 months old. With strong evidence supporting the Developmental 
Origins of Health and Disease, understanding how modifiable behaviors in pregnancy may impact 
child health risk is crucial step to improve population health.  
According to the American College of Obstetrics and Gynecology, pregnant women who 
are free of complications are recommended to participant in 20-30 minutes of MVPA on most days 
of the week.49 However, data from the National Health and Nutrition Examination Survey 
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(NHANES) 2003-2006, using objectively-measured activity from waist-worn accelerometry, 
estimates that pregnant women accumulate only 12 minutes of MVPA per day and spend 7 hours 
per day sedentary.50 The high prevalence of inactivity and sedentary behavior among pregnant 
women provides an opportunity for behavioral intervention.  
It is important to note that one lifestyle behavior is not solely responsible for alterations in 
fetal growth and development. Our conceptual framework in Figure 1 highlights various 
modifiable and non-modifiable factors that may contribute to maternal activity, the intrauterine 
environment, and risk for rapid growth or developmental delay in the offspring. Sufficiency of 
nutrient delivery is dependent on the intrauterine environment which is determined by a number 
of these maternal factors.6,51,52 These include low socioeconomic status53 and minoritized race or 
ethnicity,54 both of which have been associated with poor maternal-fetal outcomes. Additionally, 
feeding type (breastfeeding or formula fed), primary caregiver, and maternal diet all impact 
childhood health.55 Our study’s focus on activity profile during pregnancy as it relates to infant 
outcomes (bolded sections of Figure 1), while measuring these other important covariates, will 
help to determine if activity may be a target for future interventions to improve the fetal 
environment and subsequent growth and development in childhood.  
 The present study aimed to address whether women who participate in more sedentary 
behavior and/or less MVPA have babies at a greater risk for rapid growth and slower motor 
development. These findings could inform the basis for sedentary behavior or MVPA interventions 
and recommendations during pregnancy to potentially affect the health of future generations.   
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Figure 1. Hypothesized Relationship Between Maternal Activity, Fetal Growth, and Early Childhood Health 
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2.0 Review of the Literature 
2.1 Developmental Origins of Health and Disease 
The Developmental Origins of Health and Disease theory was developed by David Barker 
(originally coined the “Barker Hypothesis”). Barker was the first to link early life fetal 
environment to the development of chronic disease when he observed that geographical areas with 
higher infant mortality from low birth weight also had higher rates of ischemic heart disease.56 
Observed associations between infant mortality and ischemic heart disease mortality ratios can be 
seen in Figure 2.  In several later cohort studies, Barker found the same association in which lower 
birthweight, or lower ponderal index (an indicator of thinness), were associated with a greater risk 
of cardiometabolic diseases in adulthood.13,14,45  
Much of this research was established during the time of the Dutch hunger winter, a famine 
occurring in the German-occupied Netherlands during World War II. These difficult circumstances 
created a natural experiment to examine the effects of famine on fetal development.  Among those 
exposed to famine, maternal malnutrition during pregnancy was related to an increased risk for 
cardiovascular disease of the offspring in adulthood.16 This all led to the hypothesis, and the basis 
of the Developmental Origins of Health and Disease theory, that the intrauterine environment 





Programming is a process by which the fetal environment, determined by fetal under- or 
over-nutrition, hormones, and placental function, affects the structure and physiology of cells and 
organs in offspring. This process occurs in utero then modifies lifelong health and disease 
susceptibility.4,15 Induced growth restriction of fetuses in animal models has demonstrated 
persisting changes to metabolic and organ function of offspring such as increased blood pressure 
and cholesterol, and reduced insulin sensitivity.57,58 In humans, low birth weight, SGA, or low 
weight-for-length measures like BMI or ponderal index (birthweight (g)*100/birth length(m)3) are 
used as indicators of growth restriction in utero. However, weight-for-length measures are 
considered better indicators of growth restriction as they measure of thinness at birth with length 
(height) considered, rather than weight alone.7,59,60 Based on the theory, babies exposed to a poor 
fetal environment, resulting in growth restriction and low weight-for-length measures at birth, are 

























































Figure 2. David Barker’s Landmark Study Associating Low Birth Weight 
Mortality with Ischemic Heart Disease Mortality 
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Nutrients obtained and sufficiency of fetal growth is a result of the environment in which 
the fetus is growing.17 The in utero environment is determined by the placenta, a metabolically 
active and changing tissue. One review indicates that “changes in placental nutrient transport may 
influence fetal nutrient availability, which determines fetal growth and body composition, and thus 
may link maternal perturbations to fetal programming.” These maternal perturbations may include 
nutrition, diabetes, obesity, and inflammation.17 Nutrition alters the placental function through a 
mechanism known as placental nutrient sensing. Through this mechanism, the placenta responds 
to nutritional cues from the mother and downregulates transport to the fetus when nutrients are 
deficient, resulting in fetal undernutrition and growth restriction. This review also notes that “fetal 
growth is matched to the ability of the maternal supply line to allocate resources to the fetus.”61  
Further, inflammatory markers in the placenta can also affect fetal growth. Pregnant 
women with overweight or obesity experience higher levels of chronic inflammation during the 
early stages of pregnancy.62 Animal models have demonstrated the programming of metabolic 
dysfunction in offspring born to obese mice with elevated inflammatory markers in the placenta.63 
Lastly, gestational diabetes (GDM) affects fetal growth through the nutrient-sensing mechanism 
of the placenta. However, in this case, nutrients are delivered in excess due to the poor regulation 
of glucose. This effect is seen even within “normal” glucose levels with higher blood glucose 
contributing to excessive fetal growth even without overt GDM.64 
The susceptibility of a fetus exposed to a poor intrauterine environment to future disease 
development is partly explained by the ‘mismatch theory.’65 During gestation, the fetus develops 
to survive in the environment it is growing in. An abnormal, nutrient-poor fetal environment 
followed by plentiful nutrients after birth is thought to result in a physiological mismatch and, thus, 
can increase susceptibility to chronic disease development.66 This theory was first proposed by 
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Peter Gluckman in a book titled “Mismatch: How Our World No Longer Fits Our Bodies.”67 
Animal models were used to compare nutrient deficiency during pregnancy and ad libitum nutrient 
intake after birth. The animals with matched prenatal and postnatal nutrient availability (both 
nutrient restricted or ad libitum) had better metabolic health compared to those mismatched 
(restricted in utero, ad libitum postnatal and vice versa).65 The theoretical framework for this model 
can be found in Figure 3.  
Though most research on the Developmental Origins of Health and Disease theory has 
focused on maternal nutrition, obesity, and metabolic dysfunction, the role of maternal activity on 
fetal growth has been less extensively studied. It is hypothesized that activity may have an effect 
on fetal growth because of the role activity plays in glucose and energy metabolism18 and nutrient 
transport in the placenta.19 This inconsistency in nutrient delivery may affect fetal growth, pre- 
and post-natal development, and subsequent cardiometabolic health.  
Figure 3. Peter Gluckman's Mismatch Concept 
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2.1.1 Maternal Activity Profile During Pregnancy  
According to NHANES (2003-2006), pregnant women spend an average of 12 minutes per 
day in MVPA and roughly 7 hours per day of the day in sedentary behavior.50 The American 
College of Obstetrics and Gynecology recommends 20-30 minutes of MVPA on most days of the 
week for women with uncomplicated pregnancies to optimize maternal and fetal health 
outcomes.49 The Department of Health and Human Services recently released guidelines for 
physical activity during pregnancy and postpartum that are in line with previous recommendations 
with respect to recommended levels of activity (i.e., 150 minutes per week of MVPA). The 
accompanying report also summarized that only 1 in 4 pregnant women are sufficiently active and 
that physical activity during pregnancy reduces the risk for excessive gestational weight gain, 
GDM, and postpartum depression.68  
Unlike MVPA, there are no recommendations for sedentary behavior during pregnancy. 
Sedentary behavior is defined as any waking behavior characterized by an energy expenditure ≤1.5 
metabolic equivalents (METs) while in a sitting, reclining, or lying posture.26  Sedentary behavior 
is independent of MVPA as a risk factor for poor health in the general adult population,69 and 
meeting physical activity recommendations does not decrease sedentary time in pregnant 
women.70 Therefore it is important to consider the effects of sedentary behavior in addition to 
MVPA during pregnancy on maternal and fetal health.  
Below, the available literature on the effects of maternal activity profiles on infant birth 
size, childhood growth, and development will be discussed to elucidate the current understanding 
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and research gaps around the role of maternal activity profile in the Developmental Origins of 
Health and Disease. 
2.1.2 Maternal Activity Profile and Birth Size 
The primary fetal outcome assessed in studies of MVPA during pregnancy is birth size. 
This is typically expressed in one of three ways: birth weight (g), birth weight-for-length (i.e., 
ponderal index or BMI) or birth weight for gestational age. Birth weight for gestational age is 
based on population norms with <10th or >90th percentiles classified as small and large for 
gestational age, respectively. All births between the 10th and 90th percentiles are considered 
adequate for gestational age.71  
The evidence has strongly and consistently associated MVPA during pregnancy with 
reduced risk for large for gestational age (LGA) newborn without increased risk for small for 
gestational age (SGA). There are currently five meta-analyses that have reached this conclusion.20-
24 In one of these meta-analysis with the most rigorous design criteria (only including randomized 
control trials with at least one supervised aerobic exercise session every two weeks), the pooled 
odds for a LGA newborn were 31% lower in the exercise vs. control groups, with no significant 
effect on odds of SGA or gestational age at delivery.24 One meta-analysis assessed the timing of 
exercise during pregnancy based on self-reported activity and found that MVPA in late pregnancy 
was associated with lower risk for LGA, lower ponderal index, and no change in risk of SGA. 
There was no significant association with MVPA performed during early pregnancy and birth 
size.72 Only one other meta-analysis mentions fetal body composition or weight-for-length and 
this study reported no association with maternal MVPA.21 This is a limitation of the current 
literature as these measures are better indicators of growth restriction than birth weight or size for 
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gestational age73 and therefore, additional benefits of MVPA on growth restriction may be present 
but have not yet been extensively studied.   
In contrast, associations of sedentary behavior during pregnancy and birth size have not 
been well studied. Of the existing published studies, no significant associations have been found, 
though this may be attributable to the measurements used in these studies. One study used self-
reported pre-pregnancy and early pregnancy sedentary behavior and found no association with 
birthweight, gestational age at delivery, or ponderal index.28 However, these data may be less than 
valid since, contrary to NHANES data where pregnant women spent about 7 hours per day in 
sedentary behavior, women in this study only reported 2.5 hours per day of sedentary time. Another 
study finding no association used a retrospective case-control design that utilized recall of second 
trimester MVPA and sedentary time in matching cases of intrauterine growth restriction or low-
birthweight with normal-weight infant controls.27   
Conclusions from these studies are also weak since they also used poor methodology for 
measuring sedentary behavior.  Research from our group has shown that that self-report of 
sedentary time during pregnancy is poorly correlated to objectively-measured sedentary time, with 
correlations typically ranging from 0.2-0.4.74 The associations of birth size and objectively-
measured sedentary behavior using 24-hour waist-worn Actigraph accelerometry was measured in 
two cohort studies. The first measured sedentary behavior at 15 weeks and 32 weeks gestation 
(n=111) and found no association between sedentary behavior at 15 weeks or change in sedentary 
behavior from 15 to 32 weeks with maternal reported birthweight.29 A second study, which 
measured sedentary behavior at 16 weeks gestation in n=97 women, found no association between 
second trimester sedentary time and birth weight, though the association was in the expected 
direction with higher sedentary time related to lower birth weight.30 While these studies used an 
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objective measure of sedentary time, the ability to determine the effect it may have on birth size is 
limited by the use of birth weight only (with no consideration of length and thinness). Further, the 
limited window of time in which sedentary behavior was measured during pregnancy does not 
capture the longitudinal or trimester-specific effects of this behavior. Thus, more research using 
objective measures of sedentary time across pregnancy, including weight-for-length or size for 
gestational age of the infant, are needed to ascertain the impact of sedentary behavior during 
pregnancy on fetal growth. 
Preliminary data from our laboratory using objectively measured sedentary behavior in all 
three trimesters of pregnancy found that high sedentary time across pregnancy was related to lower 
ponderal index at birth, but not gross birth weight.75  In this study, MVPA and sedentary behavior 
were objectively measured using a waist-worn Actigraph accelerometer and thigh-mounted 
activPAL accelerometer worn concurrently for one week in each trimester. Trajectories of both 
MVPA and sedentary behavior were generated and categorized women into high, medium, and 
low groups for each behavior (Figure 4).  
Ponderal index of the offspring was calculated as birthweight (g) *100/ birth length (m)3 
based on weight and length measurements abstracted from medical records. Maternal MVPA 
trajectory was not significantly related to infant ponderal index at birth or birthweight, but being 
Figure 4. Maternal MVPA and Sedentary Behavior Trajectories 
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in the highest maternal sedentary behavior trajectory was significantly associated with lower 
(worse) ponderal index of the infant (p<0.001). Moreover, sedentary behavior trajectory explained 
a substantial 13% of the variance observed in ponderal index. Associations of ponderal index by 
MVPA and sedentary behavior trajectory are displayed in Figure 5.  
These findings are the first study to our knowledge to examine the association of 
prospective, gold-standard measurement of MVPA and sedentary time across pregnancy with birth 
size. The implications of high sedentary time on birth size could provide a modifiable behavioral 
intervention target that could potentially improve fetal development and subsequent lifespan 
health. Therefore, understanding the impact of sedentary time during pregnancy on early childhood 
health is an important research gap.  
2.1.3 Maternal Activity Profile and Early Childhood Growth  
The intrauterine environment and size at birth may have an effect a child’s risk for catch-
up or rapid growth.33 As previously discussed, there is evidence to suggest that maternal MVPA 
and sedentary behavior may impact fetal growth in utero, however, whether these effects 
Figure 5. Ponderal Index by MVPA and Sedentary Behavior Trajectory Group 
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persistently influence childhood growth rate is unclear. Previous studies have examined 
differences in childhood body mass between experimental and control groups following a maternal 
exercise intervention in pregnancy with mixed findings. One study including only previously 
active women compared a group of 20 women who maintained activity habits during pregnancy 
and another 20 who were instructed to stop physical activity in pregnancy. This study followed up 
on mothers and children at five years of age and found that children born to the mothers who 
maintained activity during pregnancy had lower body fat percentage versus those that discontinued 
exercise.76 Contrasting these findings, a randomized controlled trial including a pregnancy exercise 
intervention (intervention: n=47, control: n=37) collected childhood anthropometrics at birth, one-
year, and seven- years of follow up. Women in this intervention were previously inactive and 
exercised for 45-minutes x five times per week for 12 weeks in the second and third trimesters of 
pregnancy. This study found that women in the exercise intervention had children with a smaller 
birthweight compared to controls, but no differences in anthropometrics between groups were 
observed at one year. At seven years of follow-up, children from the exercise intervention actually 
had higher body fat percentage than the control group.77 Lastly, a randomized control trial 
including dietary counseling and 30 to 60 minutes of unsupervised aerobic exercise per day in 
overweight or obese women assessed child anthropometrics between 2.5-3 years of age. This study 
included 77 intervention and 73 control participants and found no differences in BMI z-score’s at 
follow-up assessments.78  
Taken together, these studies provide conflicting results for the impact of prenatal exercise 
on early childhood growth rates. These differences in findings could be due to the differences in 
participant characteristics (i.e., previously active vs. inactive women, restriction to overweight or 
obese women), variable intervention dosage and timing, or the varying duration of follow-up for 
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measurement of anthropometrics in the children.  These studies also only examined differences in 
body composition between experimental and control groups, rather than within-subject childhood 
growth patterns. More research is needed to clarify the effects of maternal MVPA on childhood 
growth rates.  
In contrast, we are aware of no studies examining the associations of maternal sedentary 
behavior during pregnancy and rate of growth in childhood. Given our previous findings where 
high sedentary time was related to lower ponderal index, it is plausible that sedentary behavior 
may then relate to more rapid growth in childhood. Therefore, like for MVPA, the current evidence 
on maternal sedentary behavior in pregnancy is insufficient for determining the relationship with 
catch-up or rapid growth. The impact of maternal activity profile during pregnancy on early 
childhood growth rate is an important research gap.  
2.1.4 Maternal Activity Profile and Motor Development 
Motor skills development is foundational for children’s physical, social, and psychological 
health.79 Childhood development is typically measured with questionnaires or test batteries 
conducted by trained professionals. Examples of developmental test batteries include the Peabody 
Developmental Motor Scale (PDMS-2)80 and Bayley’s Scale of Infant Development.81 
Questionnaires measuring childhood development include Ages and Stages82 (commonly used by 
physicians) and the Early Motor Questionnaire (EMQ).83 
 More recent studies have assessed motor, social, and neurodevelopment of children in 
relation to maternal MVPA. A meta-analysis of observational studies found that self-reported 
MVPA during pregnancy was associated with improved neurodevelopment, specifically general 
intelligence at age 5 and academic grades in school at age 10.25 One randomized controlled trial 
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found that women in an exercise intervention (50 minutes of aerobic exercise, 3 times per week) 
had babies that scored higher on the locomotion component of the PDMS-2 at one month old.84 
The scores were higher in 4 out of 5 categories, but were only statistically significant for 
locomotion. Significant difference in other categories may not have been detected due to the small 
sample size of this study (n=27 control and n=33 intervention). Other categories that showed non-
significantly higher scores among mothers randomized to the aerobic exercise group included 
stationary, gross motor quotient, and gross motor quotient percentile. On the contrary, other 
experimental evidence has found no significant associations between maternal MVPA and 
childhood development. One study (intervention n=164; control n=115) included a 3 day per week 
aerobic and strength training program and assessed children’s motor development at 7 years of 
age. This study found no difference between intervention and control groups in fine motor, gross 
motor, language, behavioral, and perception scores based on  the ‘Five-to-Fifteen’ questionnaire.85 
Another study with a similarly structured exercise intervention, though limited to aerobic exercise 
only (intervention: n=188, control n=148), measured children’s development by Bayleys scale of 
Infant and Toddler Development at 18 months of age. This study also found no significant 
difference in motor, cognitive, language, or social development scores. However, motor 
development scores were nonsignificantly lower in the intervention group compared to control 
and, in sub-analyses by sex, motor development was significantly lower in boys.86 Overall, 
maternal MVPA during pregnancy may have an effect on some domains of childhood 
development, though the direction of this effect and how long it persists in childhood remain 
unclear. There are still very few studies assessing the relationship between objectively-measured 
maternal activity and offspring motor, social, or neurodevelopment and none that evaluate the 
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effects of maternal sedentary behavior. Further, the wide variety of developmental measures make 
it difficult to compare current literature. 
2.2 Short and Long-Term Offspring Health 
As previously noted, Barker began the field of Developmental Origins of Health and 
Disease research with several cohort studies in England. He consistently found size at birth, 
including smaller birthweight, thinness, and SGA, to be associated with ischemic heart disease, 
insulin resistance, type 2 diabetes, coronary heart disease, and higher blood pressure in 
adulthood.13-16,56 Beyond birth size, research also addresses rate of growth after birth which has 
been consistently associated with cardiometabolic health across the lifespan. Specifically, more 
rapid growth, especially when accompanied by small birth size, is associated with poorer 
cardiometabolic health long-term.45,87 This rapid growth is commonly called catch-up growth and 
infants born with lower birth weight, lower ponderal index, or SGA are at a greater risk. This is 
thought to be a result of the ‘mismatch’ theory described in section 2.1 in which the environment 
after birth is more nutrient rich than the in utero environment.66 The short- and long-term impact 
of birth size or catch-up growth on many domains of health have been extensively studied within 
the Developmental Origins of Health and Disease theory and are discussed in detail in the 
following sections.   
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2.2.1 Cardiovascular Health 
Associations of birth size with cardiovascular diseases have been conducted across the 
lifespan and have assessed subclinical and overt disease outcomes. In one meta-analysis of the 
incidence of ischemic heart disease, the hazard ratio for ischemic heart disease decreased by 10-
20% for every 1 kg increase of birthweight.88 This meta-analysis included follow-up from 17 
longitudinal studies.  
Perhaps one of the most common measures of cardiovascular health is blood pressure, 
which is a major risk factor for cardiovascular disease and mortality.89 Elevated blood pressure 
detected in children is a marker of poor cardiovascular health in early life and a risk factor for 
cardiovascular disease later in life.90  In one cohort study of 346 individuals, blood pressure at 22 
years was inversely associated with birthweight. Systolic blood pressure was higher by 1.3 mmHg 
for every z-score decrease in birth weight and was 1.6 mmHg higher for every z-score increase in 
childhood weight gain. In this study, the effect on blood pressure was greater if an infant born 
small also had rapid growth.  Of note, rapid growth was not independently associated with higher 
blood pressure without also considering the presence of small birth size.91 In a systematic review 
of prospective cohort studies ranging from childhood to older adults, birthweight was inversely 
associated with systolic blood pressure. This relationship was weak in adolescence but 
strengthened with age thereafter.92 In another study, a cohort of 145 individuals found that birth 
weight and current body mass index (BMI) were associated with 24-hour blood pressure at 5 years 
old.9 Again, in a study of 395 eight-year-olds, birthweight and rapid weight gain were associated 
with higher blood pressure and greater carotid intima thickness (a marker of arterial health).93  
Thus, consistent evidence supports a link between small birth size, rapid growth during early 
childhood, and lifetime risk for hypertension.   
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Heart rate variability is another subclinical marker of cardiovascular disease that measures 
autonomic function by sympathetic and parasympathetic control.94 This has been measured in 
infants as a subclinical indicator of cardiovascular system regulation.  Among 200 newborns, both 
high and low body fat percentage at birth was associated with lower (worse) heart rate variability. 
Fat percentage accounted for 8.7% of the variance in overall heart rate variability, suggesting that 
adiposity is a significant driver of autonomic function.95  In another study of 27 infants, heart rate 
variability was lower (worse) at one and three months follow-up in SGA babies compared to babies 
with adequate weight for gestational age.96 Evidence of longer term effects of birth size on heart 
rate variability and autonomic function disturbance does not exist and is thus an area for future 
research. 
Taken together, these studies suggest that smaller size at birth, particularly when paired 
with rapid growth in childhood, is associated with poorer cardiovascular health. This consistent 
finding is observed across subclinical cardiovascular health markers in childhood and further 
manifests as higher cardiovascular disease risk in adulthood.   
2.2.2 Metabolic Health 
Risk for type 2 diabetes has also been consistently associated with smaller birth size.  Thus, 
associations between birth size and several measures of metabolic function across the lifespan have 
been studied. In the Helsinki birth cohort of 474 participants, ponderal index, birth weight, and 
rapid childhood growth were inversely related to 2-hour fasting insulin at approximately 64 years 
old.12 More recently, a meta-analysis found that continuous birthweight was inversely associated 
with risk for type 2 diabetes later in life. This association weakened with age of follow-up but 
remained significant with adjustment for current body size.47 This meta-analysis only included 
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diagnosed cases of type 2 diabetes and did not use studies measuring continuous insulin levels 
only. Homeostatic model assessment (HOMA) index is also used as a marker of metabolic function 
as a ratio of insulin to glucose in the blood. In a cohort study, babies born SGA had higher HOMA 
index at 5 and 10 years old. Also in this study, SGA babies had the lowest HDL and highest fasting 
insulin, indicating overall metabolic dysfunction.8,9  Therefore, smaller size at birth is a risk factor 
for future type 2 diabetes and poorer metabolic function across the lifespan.  
2.2.3 Adiposity and Body Size 
Several studies have found adverse associations between birth size, catch-up growth, and 
body size or composition later in life. In a cohort study of 850 participants, lower ponderal index, 
lower birth weight, and catch-up growth in the first year were associated with greater waist 
circumference, BMI, and fat mass percentage at 5 years old.10 This association persisted after 
adjustment for infant feeding type. A similar relationship was found to continue across the lifespan 
in the Helsinki birth cohort which found higher waist circumference at 64 years old in those born 
smaller or thinner.12  One important factor to consider is that these studies are inclusive of low and 
very low birth weight infants (<2,500 g). Due to the elevated risk of infant morbidity and mortality 
associated with low birth weight,97 including these births could partially explain the observed 
associations.  
However, poorer adiposity outcomes are also observed in individuals considered adequate 
for gestational age at birth but with signs of growth restriction. Those babies born adequate for 
gestational age with growth restriction had a lower ponderal index, head circumference, and less 
lean mass than those born adequate for gestational age without growth restriction.48 Additionally, 
the growth restricted infants with adequate weight for gestational age had overall similar metabolic 
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profile to SGA babies, rather than non-growth restricted adequate for gestational age infants.48 
Another cohort study assessing growth in adequate-weight-for-gestational-age infants compared 
birth characteristics of children who had rapid growth vs non-rapid growth in the first year of life. 
This study found that rapid growers were smaller at birth by birthweight and had higher body fat 
percentage and BMI at 7 years old.11  
Infants born with adequate birthweight still have a higher risk for greater adiposity in 
childhood and adulthood if growth restriction occurred in utero. Whether prevention of growth 
restriction by improving the intrauterine environment could reduce the risk for overweight or 
obesity remains unknown.  
2.2.4 Childhood Motor Development 
Very little is known about how fetal growth may affect developmental milestones in 
childhood. Development is an important measure as poorer or delayed motor development is 
related to increased risk for obesity and lower levels of MVPA36,37 in childhood. There is only one 
relevant available study to our knowledge which assessed over 4,000 infants in NHANES (1988-
1994). This study found that term (>37 weeks gestation), low birth weight infants and preterm 
(<37 weeks gestation), low birthweight infants both had lower motor-social development scores 
between 2-47 months of age when compared to infants with normal birth weight. In females, low 
birthweight was the most important prenatal predictor of delayed social motor development.98  
Motor skills development is positively associated with cardiorespiratory fitness and inversely 
related to risk of obesity in childhood.99 A better understanding of how fetal growth relates to early 
childhood motor skills development is needed to identify children at potential risk and prevent the 
occurrence of developmental delay.  
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2.2.5 Implications of Large Birth Size 
It is a commonly thought that there is a U-shaped association between birth size and all of 
the previously noted health risks. In other words, in addition to low birth weight, poor health 
outcome such as obesity, type 2 diabetes, and cardiovascular disease in adulthood are also thought 
to be related to high birth weight. However, based on the evidence, most childhood and adult 
cardiometabolic outcomes are only associated with SGA, lower birthweight, or lower weight-for-
length. LGA appears be a risk factor for the development of only certain diseases in the offspring 
but mostly when it occurs in the context of GDM. 
A large Swedish birth cohort of over 700,000 individuals found that hazard ratios for type 
2 diabetes increased by birthweight category.100 However, this study did not take into account 
maternal GDM as testing is not standard in Sweden. This is an important consideration as the long-
term risks associated with LGA are most prevalent when the pregnancy is complicated by GDM. 
LGA infants born to women with GDM had a higher prevalence of metabolic syndrome at 6, 7, 
and 11 years old as compared to LGA infants without GDM or adequate-for-gestational age infants 
with or without GDM.101 In a systematic review of the literature, high birth weight (>4000 grams), 
especially when accompanied by poorer maternal glycemia, was associated with an increased risk 
for obesity.  In the same study, high birth weight was not associated with the risk of coronary heart 
disease or hypertension.102  
In terms of development, in a cohort study of 4,000 individuals, LGA newborns actually 
had better developmental learning skills between 7-9 years of age.103  This was based on the 
Australian Early Development Census which includes general knowledge, cognitive function, 
emotional maturity and skills function. 
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Overall, relationships between birth weight and long-term outcomes are complex.  LGA or 
high birthweight should be a concern for future obesity risk when accompanied by GDM, but LGA 
does not appear to elevate risk for other cardiometabolic domains and might even be beneficial for 
development.  
2.3 Physiological Mechanisms 
Physiological mechanisms explaining the Developmental Origins of Health and Disease 
hypothesis have been a focus of more recent research. While much of the physiological processes 
underlying the programming of disease risk remains unknown, there are proposed mechanisms 
including placental alterations and structural changes of the developing fetus. Though we do not 
plan to measure these specifically in the proposed study, we discuss them below to demonstrate 
the biological plausibility of our hypotheses that maternal activity profile could affect early 
childhood growth and development.  
2.3.1 Placental 
The placenta is thought to be at the forefront of fetal programming as it is the link between 
maternal health and the developing fetus. A review of chronic disease programming research 
concluded that much of the risk for chronic diseases can be linked to characteristics of the 
placenta.104 Supporting this idea is one observational study of 206 individuals that found lower 
ponderal index was related to the oxygen tension of the placenta.105 Oxygen tension is a measure 
of blood flow and sufficiency of nutrient delivery from the placenta. These findings support the 
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hypothesis that growth restricted fetuses may be a result of reduced blood flow and nutrients, but 
it does not explain what led to the insufficient placenta. Another study assessing physical activity 
during pregnancy found that a higher amount of objectively measured MVPA was related to 
increased capacity for nutrient transport across the placenta via gene expression.19 This data points 
to physical activity as a potential mechanism to improve placental sufficiency. The implications 
of reduced blood flow and oxygenation to the fetus provides one mechanistic explanation for the 
Developmental Origins of Health and Disease.  
2.3.2 Structural: Animal Studies 
The basis of much of the Developmental Origins of Health and Disease hypothesis was 
predicated on animal models. Animal models have demonstrated permanent structural variation in 
organ systems and hormone regulation with prenatal dietary modification or induced growth 
restriction. One study in sheep found that, when intrauterine growth restriction was induced, 
placental insufficiency occurred. Further, the carotid and umbilical arteries had higher collagen 
and lower elastin levels.42 This demonstrates an increase in arterial stiffness in offspring that have 
experienced growth restriction. Further animal studies using dietary modification to replicate fetal 
undernutrition in humans found that mice with low-energy, low-protein diets had offspring with 
less functional pancreatic cells than those with adequate diet.40 Less pancreatic cells can reflect a 
decreased ability to regulate insulin and glucose.106 Effects on the kidney have also been found in 
other animal studies.  One study found that protein deficient rats had offspring with less nephrons 
and suppressed renin-angiotensin aldosterone system (RAAS) function.41 Functional nephrons and 
the RAAS are partly responsible for blood pressure regulation,107 suggesting a mechanism for 
lifetime impairment in vascular health among these offspring. If these animal models reflect what 
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occurs in humans, these studies could begin to explain the link between undernutrition and smaller 
birth weight with hypertension, reduced insulin function, and diabetes later in life.  
2.3.3 Structural: Human Studies 
We are aware of only one human study that has been conducted to assess differences in 
organ system development in the context of intrauterine growth restriction. This study assessed 
the relationship of birthweight to cardiac structure in childhood and found that, independent of 
current height and weight, birthweight was inversely associated with coronary artery diameter at 
9 years old. The authors noted that smaller coronary artery diameter is associated with higher 
prevalence of atherosclerotic lesions.44 This may explain another mechanism by which lower 
birthweight is associated with long-term cardiovascular disease. However, more research is needed 
to elucidate the biological cascade that relates maternal undernutrition and other sources of 
intrauterine growth restriction to long-term impairments in offspring vascular and metabolic 
health.    
2.4 Role of Social Determinants in Developmental Origins of Health and Disease 
It is important to acknowledge that the interaction of many factors is likely responsible for 
fetal programming and the Developmental Origins of Health and Disease. There are a number of 
modifiable and non-modifiable factors that affect health in general. Social determinants of health 
are the conditions in which individuals live, work, and interact including socioeconomic status, 
education, employment, and access to health care.108 These factors impact health for a multitude 
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of reasons including access to transportation, quality of care, and literacy, as well as chronic stress 
and discrimination.108 Therefore, the following section will consider various social determinants 
of health and their potential implications on fetal programming. 
Only one study explicitly examined the Developmental Origins of Health and Disease in 
regard to socioeconomic status. This study found that, in the Helsinki birth cohort, the hazard ratio 
for coronary heart disease increased as income decreased. However, low ponderal index at birth 
exacerbated this effect while those born with normal fetal growth were more resilient to the health 
effects of living in poverty.109  
While not explicitly studied in the context of fetal programming, it does appear that 
race/ethnicity and socioeconomic status impact birth size, fetal growth, and risk for pregnancy 
complications, all factors associated with long-term health of offspring. A cohort study of 2,103 
individuals in Quebec, Canada found that maternal education and family socioeconomic status 
were directly associated with birthweight. Single-parenting and smoking were inversely related.110 
This study suggests that individuals with lower income and lower education have a higher risk of 
having a smaller baby, which would then be thought to increase the risk for future disease.  
Birth size by racial and ethnic groups has been fairly well studied in prospective cohort 
studies. The National Institute of Child Health and Human Development fetal growth cohort of 
1,737 fetal-mother pairs found that babies born to White women had the highest mean birthweight 
followed by Hispanic, Asian, then Black.111 One large study of >220,000 participants in a multi-
ethnic cohort found variations in the risk of LGA birth by race and ethnicity. More specifically, 
this study assessed 1) GDM, 2) pre-pregnancy adiposity, and 3) excessive gestational weight gain 
as three risk factors for LGA birth and how the presence of multiple factors compounds the risk 
for a large infant. They found that the odds for LGA doubled when all 3 factors when present in 
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whites and Hispanics but not in Asians. Further, GDM alone did not increase risk for LGA infant 
in White non-Hispanics, but greatly increased risk in all other races. Finally, in all categories from 
1,2, and 3 risk factors, Black individuals had the highest risk for LGA when combined with 
GDM.112  
Growth and risk for obesity also have shown racial/ethnic differences. Hispanic and Black 
children had the sharpest increase in BMI by 4 years old, most prominently in Hispanics living in 
Spanish-speaking homes. Among these individuals, forced feeding and early or no breastfeeding 
was more common compared to White individuals.113 This is supported in another study of 1,800 
infants which found that rapid infant weight gain to 6 months, restrictive feeding of mother in 
pregnancy, and lower breastfeeding were all more common in Black and Hispanic mothers than 
White mothers.114 Within this same cohort, Black and Hispanic infants had an increased odds of 
obesity at 3 years which was associated with lower birthweight and gestational age. These babies 
were born smaller and grew faster in the first six months than White babies.114 
Further, common determinants of birthweight include excessive gestational weight gain, 
GDM, smoking, and feeding type. When compared across race groups, Black and Hispanic women 
had higher rates of GDM but lower rates of excessive weight gain and smoking than White women. 
Rapid weight gain, early solid food introduction, and less breastfeeding was also more common in 
Hispanic and Blacks. Seven-year follow up in this cohort found higher body fat percentage, higher 
BMI z-score and higher percentage of overweight and obesity in Hispanic and Black children 
compared to White; this relationship was attenuated after statistical adjustment for birthweight and 
gestational weight gain.115 
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Lastly, in addition to differences in birth outcomes and childhood growth, type of or 
perceptions of physical activity during pregnancy may differ by sociodemographic factors. One 
study found that Black women were less likely to express intention to meet exercise 
recommendations in pregnancy compared to White women.116 White race, higher education, or 
having no other children in the home is consistently related to higher activity levels during 
pregnancy.117 Further, occupational activity (as opposed to leisure time physical activity) is more 
common in lower income, minoritized groups.118,119 Higher levels of occupational activity has 
been related to a greater risk for adverse pregnancy outcomes120 as opposed to leisure time physical 
activity which is related to a lower risk of adverse pregnancy outcomes.121,122 This suggests that 
type of physical activity may have differential effects on the fetal environment.  
Taken together, these data suggest that upstream factors (displayed in Figure 1) affect 
maternal behaviors and play a role in the Developmental Origins of Health and Disease.  Further, 
the effects of maternal factors on the intrauterine environment may not affect all individuals 
equally. Considering socioeconomic status, race, ethnicity, and education is important to fully 
understand health and disease risk across the life span. 
2.5 Conclusion 
There is strong evidence to support Developmental Origins of Health and Disease and that 
the fetal environment is a reflection of maternal health and behavior that could program long-term 
health in the offspring. Understanding that MVPA and sedentary behavior impact birth size and 
the fetal environment offers a novel, modifiable behavior in pregnancy to potentially improve fetal 
growth. This is of great importance due to the impact that fetal growth has on health and disease 
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susceptibility across the lifespan. Rate of growth and motor development in early childhood are 
important indicators of future health. However, the effect of MVPA and sedentary behavior on 
these outcomes remain unknown. This knowledge could inform the basis for MVPA or sedentary 
behavior interventions and recommendations during pregnancy. These interventions could 
potentially affect the health of future generations and are therefore an important and critical 
contribution to improving population health.   
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3.0 Methods 
3.1 Study Design 
The present study is a follow-up on participants enrolled in the MOnitoring Movement and 
Health (MoM Health) study (conducted March 2017- April 2019).  MoM Health was a prospective 
cohort study assessing activity profile across pregnancy, including objectively-measured sedentary 
behavior and MVPA, as well as maternal health and infant outcomes at birth. This dissertation 
project, the MoM Health 2.0 study, examined associations between maternal activity profile during 
pregnancy with childhood growth pattern and motor development in early childhood. Within the 
parent study, women attended three study visits, one in each trimester of pregnancy. Participants 
wore two activity monitors at each study visit to monitor activity profile for one week. The MoM 
Health 2.0 study collected additional data (from February 2020 – June 2020) via survey and 
medical record abstraction on the growth and development of the child born during the pregnancy 
monitored in the MoM Health study with the following Aims:  
 
Specific Aim 1: To examine associations between maternal activity profile across pregnancy and 
by trimester with infant growth rate up to 24-months of life. 
Hypothesis: Higher maternal sedentary behavior and lower maternal MVPA will be 
related to greater risk of catch-up growth and more rapid growth rate. 
 
Specific Aim 2: To examine associations between maternal activity profile across pregnancy and 
by trimester with child motor development. 
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Hypothesis: Lower maternal sedentary behavior and higher maternal MVPA will be 
related to more advanced motor development.  
 
Exploratory Aim: To evaluate the influence of BMI z-score at birth on associations observed in 
Aims 1 and 2.  
Hypothesis: Covariate adjustment for BMI z-score will attenuate the associations between 
maternal activity profile and early childhood growth and motor development. 
3.2 Sample Population 
Mother-child dyads were recruited for the present study from participants who completed 
the MoM Health (parent) study. Pregnant women were recruited for the parent study in the 
following ways: 1) flyers placed at obstetrics and gynecology practices, 2) University of Pittsburgh 
Clinical and Translational Science Institute research registry, 3) emails to University of Pittsburgh 
employees, and 4) referrals from other research studies or word of mouth. Women were eligible 
for the parent study if they were between the ages of 18-45, <14 weeks pregnant, not taking any 
hypertensive or diabetes medications, and able to walk a half of a mile and climb two flights of 
stairs. Inclusion and exclusion criteria for MoM Health 2.0 study can be found in Table 1. 
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Table 1 Study Inclusion and Exclusion Criteria 
Participants from the parent study with >1 trimester of valid objective activity monitoring 
and a singleton live birth (n=103) were deemed initially eligible for recruitment contact and 
additional screening. Recruitment efforts for the current study included an email containing an 
informational flyer (Appendix A) sent to all eligible participants, followed by a minimum of two 
subsequent contacts (phone or email) made to non-responders. Interested participants were sent a 
link to an online screening and e-consent form. The screening form (Appendix B) further assessed 
inclusion and exclusion criteria by self-report. Prospective participants were able to review the e-
consent document on their own and were able to sign using a mouse or stylus to draw in their 
signature. Eligibility criteria had to be met on the screening form and e-consent signature was 
required prior to moving forward to the surveys. 
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3.3 Assessment Procedures 
Upon completion of the online e-consent form, enrolled mothers completed an electronic 
questionnaire battery about their child’s motor development, as well as important covariates 
including demographics and infant feeding type. Access to medical records from their child’s 
pediatric visits since birth were obtained through the consent process. Surveys were reviewed for 
completeness and, in the case of illogical or incomplete answers, mothers were contacted for 
clarification. Screening, e-consent, and questionnaire data collection processes were all conducted 
using the REDCap (Research Electronic Data Capture) web-based software platform. 123 123 122 121 
121 120 119 118 117 116 116 116 
Mothers consented to share medical records from their child’s pediatric visits since birth. 
Medical records not available through the University of Pittsburgh Medical Center electronic 
health record were requested using clinic-specific medical record request forms signed by the 
mother. Medical record data were abstracted independently by the principal investigator and a 
trained research staff member. Records were assessed for differences and adjudicated with 
consensus.  
Participants were compensated using the University of Pittsburgh’s ‘man on the street’ 
Vincent payment system for completion of the survey and provision of consent to access medical 
records. Participants had the option to receive $20 by loading funds onto an existing Vincent 
payment card or as a virtual Target or Amazon gift card.   
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3.3.1 Maternal Activity During Pregnancy 
Maternal activity profile data were previously collected during the MoM Health study. 
Data were collected during each trimester using gold standard, objective assessment methodology. 
MVPA was measured by a waist-worn Actigraph GT3X accelerometer (Actigraph, Pensacola, 
FL). Participants were instructed to wear the Actigraph on the right hip during all waking hours, 
only to be removed for sleep or water activities (bathing or swimming). Sedentary behavior was 
measured using a thigh-mounted activPAL accelerometer (PALtechnologies, Glasgow, Scotland) 
following a 24-hour wear protocol, only to be removed for swimming. Participants were instructed 
to wear monitors concurrently for 7 days, and data were considered valid if worn for >10 hours on 
>4 days. Percentage of monitor wear time spent in sedentary behavior and MVPA were considered 
in analyses. Data were processed using standard methodology.124,125  
Trajectories across pregnancy were generated separately for MVPA and sedentary 
behavior using growth mixture modelling analysis.126 Best fit for trajectory groups were selected 
based on the Bayesian criterion index (BIC), greatest percentage of participants placed in groups 
with posterior probability of > 70%, and clinical relevance. Women were assigned to one of 3 
trajectories groups (high, medium, and low) for each sedentary behavior and MVPA. Specific 
details and figures displaying these trajectories can be found in Chapter 2, section 2.2.1. These 
sedentary behavior and MVPA trajectories, along with continuous trimester-specific sedentary 
behavior and MVPA of the mother, are considered the independent variable in the present study. 
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3.3.2 Infant Birth Size and Growth Pattern 
All available height/length and weight measures were abstracted from child medical 
records from birth to 24 months of age. Anthropometric measures from each visit were converted 
into age-specific body mass index (BMI) z-scores using the STATA World Health Organization 
z-score calculator plug-in.127 Growth pattern was assessed using two definitions: catch-up growth 
(primary approach) and growth rate (secondary approach). Catch-up growth was operationalized 
as a dichotomous variable defined as an increase in z-score from birth to one year of age >2.0.128  
Growth rate was examined using incremental rate of BMI z-score change estimated by a line of 
best fit using all available BMI z-scores between birth and 24 months from medical records. 
3.3.3 Questionnaires 
Mother participants completed a battery of questionnaires via REDCap online survey 
system. Demographic and health-related information was collected using the questionnaire found 
in Appendix C.   
Retrospective self-reported infant feeding behaviors were collected using a modified 
breastfeeding survey (Appendix D). Mothers reported if they breastfed or provided pumped 
breastmilk to their child and, if so, for how long. Exclusivity of breastfeeding along with 
introduction of formula and solid foods was collected. Information regarding feeding habits was 
abstracted from medical records and used to corroborate self-report.  
The parent-reported Early Motor Questionnaire (EMQ)83 was used to measure motor 
development (Appendix E). Participants responded to questions using a 5-point scale ranging from 
-2 (sure child does not show behavior) to +2 (sure child shows behavior). The questions provide a 
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composite score in three domains: gross motor (GM), fine motor (FM), and perception-action 
(PA). The three domain scores correspond to full body movements and large muscle group control 
(gross motor), small muscle groups and ability to grasp, hold, or manipulate objects (fine motor), 
and a child’s ability to use their senses to gather information and respond to the world around them 
(perception action).129 An instructional video accompanied the questionnaire to aid in proper 
completion of the EMQ. The EMQ is widely used to measure parent-reported motor development 
in children aged up to 24 months and has high concurrent validity with gold standard examiner-
administered motor development measure (GM: r = .97,  FM: r = .91, PA: r = .91).83 EMQ scores 
are expected to increase with age and plateau at approximately 24 months. Due to wide variations 
in age within our sample, including n=26 children >24 months of age, two methods were employed 
to account for age differences across participants: i) age-adjusted models (primary approach) and 
ii) age-standardization of EMQ scores (secondary approach). Age-adjusted models used raw EMQ 
scores as the dependent variable with adjustment for age using a linear spline with an inflection 
point at 24 months.  This methodological choice reflects that the EMQ score is expected to increase 
more steeply up to age 24 months and then be more stable after 24 months. Age-standardization 
analyses generated scores using quadratic standardization equations provided by Dr. Libertus from 
750 children with varying ages. Since these standardization equations were calculated using few 
children above 24 months old and we had a meaningful proportion of participants above 24 months 
old, these standardized scores were used as a secondary analysis approach for comparative 
purposes.  
Mothers were asked to recall the age that their child first started to crawl and walk and 
report on what records, if any, were used to estimate the age of onset for these behaviors. Recall 
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options included their own diary, photo, or video records (e.g., Facebook or pictures on a cell 
phone) or subjective recall from memory.  This questionnaire can be found in Appendix F.  
3.4 Power Considerations 
A first consideration is that we were limited by the sample size from the parent study 
(n=103).  Though we hoped to obtain medical records for ~80% of our sample, we had a lower 
response rate of 70% (see Results). As no previous studies provide expected effect sizes for our 
outcomes, post-hoc power analyses were conducted. Catch-up growth analyses was possible for 
n=60 participants with complete data. Assuming an even distribution of the rate of catch-up growth 
across trajectory groups, and a 20% prevalence of catch-up in the unexposed (reference) group, 
we would have had 80% power to detect an OR of 7.8 with a significance level of 0.05. In motor 
development models, based on our data with n=70, age splines explained roughly 45% of the 
variance. Activity trajectory would have had to explain an additional 7% of the variance to have 
80% power at an alpha level of 0.05.  
Therefore, the present study may be limited in power to detect significant associations with 
outcomes due to these limitations and is thus exploratory and hypothesis-generating in nature. 
Smaller and/or non-significant effects in these data still provide power and sample size estimates 
for future studies.  
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3.5 Statistical Analysis 
Statistical analyses were performed using Stata 14 software (StataCorp, College Station, 
TX).  Descriptive statistics described the characteristics of the sample including maternal and child 
demographics, feeding type, and age at questionnaire completion. Specific Aims 1 and 2 were 
assessed using two approaches to operationalize the independent variable: the primary approach 
used categorical maternal sedentary behavior and MVPA trajectory groups (described in Chapter 
2, Section 2.1.1.), and the secondary approach constructed separate models by trimester with 
continuous maternal sedentary behavior and MVPA. In models including continuous sedentary 
behavior or MVPA by trimester, all beta coefficients and odds ratios were standardized to the 
independent variable to facilitate comparison of results.  
To evaluate Specific Aim 1, logistic regression models examined the odds of dichotomous 
catch-up growth occurring by maternal sedentary behavior and MVPA. Mixed linear regression 
models examined the relationships between maternal sedentary behavior and MVPA (independent 
variables) with growth rate as measured by incremental rate of BMI z-score change (dependent 
variable).  
To evaluate Specific Aim 2, linear regression models using age-adjustment (primary) and 
age-standardized scores (secondary) examined the relationship between maternal sedentary 
behavior and MVPA and the three EMQ score domains. Semipartial correlations were used to 
assess the effect size (meaningfulness) of associations in which <0.2 is considered weak, 0.2-0.5 
moderate, and >0.5 strong effect.130 Associations of maternal sedentary behavior and MVPA with 
crawling and walking onset age were examined using linear regression models. Predicted least 
square mean EMQ scores as well as crawling and walking onset age were used to illustrate 
averages by maternal activity trajectories.  
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 To evaluate our exploratory aim, models examining attenuation of the relationship 
between maternal sedentary behavior and MVPA with catch-up growth and EMQ scores were 
assessed by examining associations before and after inclusion of BMI z-score at birth as a 
covariate. Similar analyses testing attenuation of the relationship between maternal sedentary 
behavior and MVPA and the incremental change in BMI z-score  were not possible because BMI 
z-score at birth was already included in the model. Changes in magnitude and significance of 
associations were qualitatively assessed in each model with and without adjustment for BMI z-
score at birth to explore the potential for mediation (attenuation).  
With considerations for parsimony given our limited sample size based on the parent study 
and survey response rates, associations of participant characteristics that could potentially 
confound our analyses were evaluated for all outcome measures in secondary analyses. These 
sensitivity analyses were conducted whereby the potentially confounding characteristics were 
tested for influence on the relationship of interest one at a time in each statistical model (Aims 1 
and 2).  
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4.0 Results 
The purpose of this prospective cohort study was to evaluate the associations of maternal 
sedentary behavior and MVPA during pregnancy on early childhood growth and motor 
development. The results are presented below beginning with description of study participants and 
following with results organized by specific aims.  
4.1 Study Participants 
4.1.1 Recruitment and Enrollment  
A flow diagram describing participants included in the current study is presented in Figure 
6. A total of 103 women who previously participated in the MoM Health study were contacted for 
participation in this study. Recruitment approach included a minimum of three contacts (initial 
email, then up to two emails/phone calls) to each potentially eligible participant. Of those 
contacted, n=25 did not respond, and n=78 responded and expressed interest in participating. The 
78 responders were sent consent and screening forms. Of these, n=4 did not consent or respond to 
follow-up contacts and n=74 consented and were deemed eligible based on screening criteria. Four 
enrolled participants completed the consent and screening but did not complete any study 
questionnaires (n=2) or did not complete the Early Motor Questionnaire only (n=2), resulting in 
72 participants with complete or partially complete questionnaire data. Medical records were 
available through University of Pittsburgh Medical Center for 50 participants. Medical records 
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requests were signed and submitted to pediatric clinics for 20 participants. Of these, 12 were 
processed and received, resulting in 62 medical records available.  
 
4.1.2 Participant Characteristics 
Seventy-two mother-child dyads were included in this study. Children were between the 
ages of 13-30 months old at time of data collection with a mean (SD) age of 21.8 (5.2) months. 
Children in this study sample were 53% male, primarily white (84%), and had mothers who were 
highly educated (58% had a masters or doctoral degree). Demographic and clinical characteristics 
Figure 6 Diagram of Participant Enrollment in the MoM Health 2.0 Study 
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are summarized in Table 2 overall and by maternal sedentary and MVPA trajectory. No 
characteristics significantly differed across activity trajectory groups.  
Table 2. Maternal and Child Characteristics Overall and by Activity Trajectories 
A comparison of characteristics between the parent study sample and responders to this 
follow-up study is presented in Supplemental Table 1 in Appendix G. Distribution across 
maternal sedentary and MVPA trajectories did not differ between samples. Further detail regarding 
maternal sedentary behavior and MVPA from the parent study is presented in Figure 2 in Chapter 
2, Section 2.1.1. Women that responded and enrolled in the present study were significantly 
younger, more highly educated, and less racially diverse than the parent study sample.   
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4.2 Specific Aim 1 
The first aim of this study was to examine how maternal activity profile during pregnancy 
relates to infant growth (BMI z-scores) during early childhood. Growth rate was operationalized 
using a primary (catch-up growth) and secondary (growth rate) method.  
 
4.2.1 Catch-up Growth 
BMI z-scores at birth and 12 months were available for n=60 participants. Mean (SD) BMI 
z-score was -0.69 (1.17) at birth and 0.03 (0.97) SD at 12 months, with an average change of 0.70 
(1.41) between birth and 12 months. Catch-up growth, operationalized as an increase in BMI z-
score >2.0 between birth and 12 months, occurred in n=14 (23%) of participants. A comparison of 
participant characteristics between those with and without catch-up growth can be found in 
Supplemental Table 2 in Appendix G. Gestational age at delivery was the only characteristic that 
significantly differed across groups, with a lower mean gestational age (37.9 [2.0] weeks) in those 
that experienced catch-up growth than in those that did not (39.3 [1.3] weeks). Of note, while not 
statistically significant, all cases of catch-up growth occurred in White participants and other 
characteristics such as maternal education and prepregnancy BMI differed meaningfully.  
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Unadjusted logistic regression models found no significant difference in odds of catch-up 
growth by maternal sedentary or MVPA trajectory groups (Table 3). While non-significant, odds 
of catch-up growth increased by increasing maternal sedentary and increasing maternal MVPA 
trajectories. Odds of catch-up growth in the medium and high maternal sedentary group were 
greater than the low group: unadjusted rates of catch-up growth occurrence were 1/9 (11%) in low, 
5/26 (19%) in medium, and 8/25 (32%) in high. Odds of catch-up growth also nonsignificantly 
increased by increasing maternal MVPA trajectory with 1/15 (7%) catch-up growth cases 
occurring in low, 8/32 (25%) in medium, 5/13 (38%)in high.   
Unadjusted logistic regression models for trimester-specific maternal sedentary behavior 
and MVPA are presented in Table 4. Higher maternal MVPA was significantly associated with 
higher odds of catch-up growth in the second (OR 3.65, 95% CI 1.50, 8.82) and third (OR 2.16, 
95% CI 1.12, 4.17) trimesters. First trimester activity was not related to odds of catch-up growth. 
Maternal sedentary behavior was not significantly associated with odds of catch-up growth in any 
trimester of pregnancy.  




Due to the small sample size in this analysis, all models are presented as unadjusted. 
Statistical significance and direction of effect were unaffected by including confounding covariates 
one at a time including adjustment for gestational age, which was significantly lower in children 
who did versus did not experience catch-up growth (data not shown). 
4.2.2 Growth Rate 
Predicted slopes of childhood BMI z-score growth by maternal sedentary and MVPA 
trajectories are displayed in Figure 8. To examine growth rate, mixed linear models including all 
child anthropometric data abstracted from medical records from birth up to 24 months tested for 
differences in slope of BMI z-score change with increasing age by maternal activity trajectory 
(n=62 children; mean: 9.2 observations per child). These analyses found that growth rate was 
significantly different by maternal sedentary, but not MVPA, trajectory. Both medium and high 
maternal sedentary trajectories had children with significantly steeper growth rates as compared 
to infants from mothers in the low sedentary trajectory. Participants in the high sedentary group 
Table 4. Odds of BMI Z-Score Catch-Up Growth Between Birth and 12 Months by Trimester-Specific Maternal 
Sedentary Behavior and MVPA 
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had the smallest BMI z-score at birth (BMI z-score low: 0.02, medium: -0.57, high: -1.10) and 









Figure 7. Incremental Rate of BMI Z-Score Change by Sedentary and MVPA Trajectory 
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Mixed linear models examining growth rate and trimester-specific maternal sedentary 
behavior and MVPA are displayed in Table 5. Higher sedentary time in the first trimester (std ß: 
0.017, p= 0.001) as well as higher MVPA in the second (std ß: 0.013, p= 0.019) and third (ß: 0.011, 
p= 0.009) trimester were associated with steeper slope of growth.  
Relevant participant characteristics were added to each model to test for influence. 
Inclusion of feeding type in models strengthened associations of sedentary time and rate of BMI 
z-score growth; other covariates did not impact statistical significance or magnitude of effect (data 
not shown).  
4.3 Specific Aim 2 
The second aim of this study examined how maternal activity profile during pregnancy 
relates to early childhood motor development. The primary method of motor development 
measurement was the Early Motor Questionnaire (EMQ). The questionnaire provides scores in 
three domains of motor development: gross motor, fine motor, and perception action. Secondarily, 
associations between maternal activity profile and self-reported child age of crawling and walking 
onset were assessed.  
Table 5 Incremental Rate of BMI Z-Score Change with Age by Trimester Specific  
Maternal Sedentary and MVPA 
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4.3.1  Early Motor Questionnaire  
EMQ data were available for n=70 children between 13 and 30 months of age. Associations 
of the child’s EMQ domain scores (gross motor, fine motor, and perception action) with participant 
characteristics can be found in Supplemental Table 3 in Appendix G. Gross motor score was 
positively associated with maternal pre-pregnancy BMI and, in the subset of women with 
postpartum scores available, inversely associated with maternal Edinburgh postnatal depression 
scores. Perception action scores significantly differed by race, with the highest scores in White 
participants (49.1 [8.7]) and lowest in Black participants (33.2 [7.1]).  
Linear regression models are presented in Table 6 including associations with raw EMQ 
scores (with covariate adjustment for age, i.e., age-adjusted models) and separately using age-
standardized EMQ scores as the outcome. Maternal sedentary behavior trajectory was not 
significantly associated with gross motor, fine motor, or perception action scores. In age-adjusted 
models, maternal MVPA trajectory was significantly associated with fine motor and perception 
action scores. Compared to the children with mothers in the low MVPA group, fine motor scores 
were 11.00 and 13.76 points higher in the children with mothers in the medium or high groups, 
respectively (both p<0.05). Children with mothers in the medium or high MVPA groups had higher 
perception action scores 7.02 and 9.56 points compared with children of mothers in the low group, 
respectively (p<0.05). All significant differences in scores correspond to a moderate effect sizes 
(semipartial correlation >0.20).  
The secondary analysis approach using EMQ age-standardized scores did not yield 
significant associations with maternal activity profile trajectories. However, age-standardized 
associations of maternal MVPA trajectory with the child’s fine motor and perception action were 




Table 6. Association of EMQ Domains with Maternal Sedentary and MVPA by Trajectory Groups 
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To illustrate average child EMQ scores across maternal activity profiles and using the age-
adjusted model (primary analysis) presented in Table 6, predicted least square mean scores for 
each age-adjusted EMQ domain by maternal sedentary behavior and MVPA trajectories are 
presented in Figure 8. Predicted fine motor and perception actions scores were higher in the 
medium or high maternal MVPA trajectory groups compared to low maternal MVPA. 
Corresponding predicted scores can be found in Supplemental Table 4 in Appendix G.  
Associations of the EMQ domain scores with trimester-specific sedentary behavior and 
MVPA are presented in Table 7. Consistent with the trajectory models, maternal sedentary 
behavior in any trimester was not associated with early childhood gross motor, fine motor, or 
perception action scores. Higher maternal MVPA in the first and second trimester was significantly 
associated with higher fine motor scores (first trimester std ß: 4.33, p=0.017, second trimester std 
ß: 3.72, p=0.044) in age-adjusted models. Higher MVPA in the first trimester was significantly 
related to higher perception action scores in the age-adjusted (std ß: 3.78, p=0.004) and age-
standardized (std ß: 3.43, p= 0.008) models. In the second trimester, higher maternal MVPA was 
related to higher perception action score in the age-adjusted model only (std ß: 2.87, p= 0.031).  
Figure 8. Predicted EMQ Scores by Activity Trajectories 
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 Relevant participant characteristics were added to each model to test for influence. 
Inclusion of pre-pregnancy BMI, race, Edinburg postpartum depression score, and other covariates 
one at a time did not change the statistical significance or magnitude of association in any statistical 
models (data not shown).  
Table 7 Association of EMQ Domains with Trimester Specific Maternal Sedentary and MVPA 
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4.3.2 Crawling and Walking Onset  
As a secondary measure of motor development, linear regression models tested the 
associations between maternal sedentary behavior and MVPA trajectories with mother-reported 
age of crawling and walking onset. Figure 9 presents the predicted onset age of crawling and 
walking by sedentary behavior and MVPA trajectories. Mean (SD) age of crawling and walking 
onset was 7.5 (1.5) months and 12.4 (1.7) months, respectively. At the time of questionnaire 
completion, n=2 participants were not able to walk independently and unaided. Recall of crawling 
age was reported based on memory (48%), dated video or picture (44%), or diary, social media, or 
other calendar (8%). Recall of walking age was reported based on memory (55%), dated video or 
picture (30%), or diary, social media, or other calendar (15%). Being in the medium maternal 
MVPA trajectory was significantly associated with a later crawling onset age compared to the low 
MVPA group (7.79 versus 6.94 months); no other significant associations were observed. While 
not statistically significant, age of walking onset appeared to be directly associated with higher 
maternal sedentary behavior trajectories and indirectly associated with higher MVPA trajectories, 
indicating a potential dose response association. Age of crawling or walking onset was not 
significantly associated with trimester specific sedentary behavior or MVPA (data not shown).  
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Analyses with trimester specific maternal activity profile did not reveal any unique 
associations compared to the activity trajectory models. Neither sedentary behavior or MVPA in 
any trimester was significantly associated with crawling or walking onset age (data not shown).  
4.4 Exploratory Aim  
Analyses were conducted to examine the importance of BMI z-score at birth for explaining 
the association between maternal sedentary behavior and MVPA with risk of catch-up growth and 
motor development. Incremental growth rate was not included in this exploratory aim as statistical 
models were already inclusive of BMI z-score at birth.  
Figure 9. Predicted Age of Crawling and Walking Onset by Activity Trajectories 
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4.4.1 Catch-Up Growth  
Results from the analyses of activity trajectory and risk of catch-up growth with and 
without adjustment for BMI z-score at birth are presented in Table 8. No sedentary behavior or 
MVPA trajectories were significantly associated with greater odds of catch-up growth in either 
model. However, the magnitudes of the odds ratios for catch-up growth in medium and higher 
sedentary behavior and MVPA trajectories were meaningfully attenuated with adjustment for BMI 
z-score at birth.   
Results from the analysis of trimester specific maternal activity and risk of catch-up growth 
with and without adjustment for BMI z-score at birth are presented in Table 9. Statistically 
significant unadjusted associations of MVPA with risk of catch-up growth were no longer 
significant with the addition of BMI z-score at birth. In the second trimester, odds of catch-up 
growth was reduced from 3.65 to 2.30. In the third trimester, odds were reduced from 2.16 to 1.69.    
 
Table 8. Odds of BMI Z-Score Catch-Up Growth Between Birth and 12 Months of Age by Maternal 
Sedentary and MVPA Trajectory With and Without Adjustment for BMI Z-Score at Birth 
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4.4.2 Motor Development 
Associations between maternal activity trajectories and EMQ scores, before and after 
adjustment for infant birth BMI z-score, are presented in Table 10. Participants that did not have 
both valid EMQ data and BMI z-score data were excluded from this analysis resulting in an 
analytical sample of n=59.  
Association between all EMQ score domains and maternal sedentary behavior trajectory 
were nonsignificant and similar with and without adjustment for infant BMI z-score at birth. 
Higher maternal MVPA was similarly and nonsignificantly associated with gross motor score with 
and without adjustment for BMI z-score at birth. High maternal MVPA trajectory was significantly 
associated with higher fine motor score with and without adjustment for BMI z-score at birth, and, 
in fact, adjusted associations were typically strengthened. Higher perception action score was 
significantly associated with high maternal MVPA trajectory prior to adjustment for BMI z-score 
at birth; though the magnitude of association was strengthened, the association was no longer 
statistically significant after adjustment. 
Table 9. Odds of BMI Z-Score Catch-Up Growth Between Birth and 12 Months of Age by Trimester Specific 




Trimester specific maternal activity profile was not associated with EMQ domain scores 
in any trimester when excluding those that did not have BMI z-score at birth. Addition of BMI z-
score at birth to models did not impact the statistical significance or magnitude of associations 
(data not shown).  
Table 10. Associations Between Activity Trajectories and EMQ Scores With and 
Without Adjustment for BMI Z-Score at Birth 
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5.0 Discussion 
5.1 Summary of Findings 
This study was conducted to better understand how maternal activity profile across 
pregnancy may relate to early childhood growth and development. Previous research suggests that 
maternal activity profile during pregnancy may impact fetal growth  in utero. Little is known about 
whether this effect persists after birth to impact growth and development of the offspring in early 
life. To address this research gap, we conducted a longitudinal follow-up study of the children 
born to mothers enrolled in our previous cohort study which measured objective activity patterns 
across each trimester of pregnancy.  
We found that higher maternal MVPA, specifically in later pregnancy, was associated with 
increased odds of catch-up growth in the child at one year of age and a faster rate of increase in 
BMI z-score from birth up to 24 months of follow-up. Maternal sedentary behavior was not 
associated with odds of catch-up growth, though higher sedentary time, specifically in the first 
trimester, was associated with a more rapid slope of BMI z-score increase over follow-up. 
Associations of activity profile and catch-up growth were attenuated with adjustment for BMI z-
score at birth. 
Compared to low maternal MVPA, medium or high levels of maternal MVPA were also 
related to more advanced motor development, specifically higher fine motor and perception action 
scores at 13-30 months of age. Sedentary behavior was not significantly related to motor 
development. Results were unchanged in magnitude and direction of association with adjustment 
for BMI z-score at birth, suggesting an independent effect. 
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5.2 Catch-Up Growth and Growth Rate 
We hypothesized that lower sedentary time and higher MVPA during pregnancy would be 
related to less catch-up growth from birth to 12 months and a more stable rate of growth up to 24 
months in the offspring. Contrary to our hypothesis, we found that being in the high maternal 
MVPA trajectory was associated with higher odds of catch-up growth in the child. Considering 
the evidence that catch-up growth is associated with cardiovascular disease risk33,34,45,91 and 
overweight and obesity risk,10,11,31 our findings suggest that higher levels of maternal MVPA may 
have a deleterious effect on long-term health of the offspring. However, further consideration of 
growth patterns may be necessary to interpret these findings. BMI z-score at birth was not 
associated with maternal MVPA trajectory in this cohort, and some studies have suggested that 
catch-up growth, in the absence of small birth size, is not as strongly associated with long-term 
poorer health.33,45 It is important to note that physical activity during pregnancy is considered safe 
and encouraged in healthy, uncomplicated pregnancies.49 Therefore, our findings do elicit further 
investigation into the long-term impact that higher levels of maternal activity may have on 
offspring, specifically, whether associated catch-up growth in these offspring results in deleterious 
long-term health outcomes in broader population studies.  
To the best of our knowledge, this is the first study to objectively measure activity in 
pregnancy with follow-up that assesses within-subject changes in offspring BMI z-score in early 
childhood. However, our results can be compared to previous studies which have reported on 
differences in offspring body mass between experimental and control groups following antenatal 
exercise interventions at various time points in childhood. In one randomized control trial, 84 
previously inactive women were randomized to either a 12-week exercise intervention (n=47) in 
the second and third trimester, including five 45-minute aerobic exercise sessions per week, or a 
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control condition (n=37). Anthropometric measures were then collected on children at birth, one 
year (intervention: n=38, control: n=23) and seven years (intervention: n=33, control: n=24) of 
follow-up. This study found lower birthweight, no difference in weight at one year follow-up, and 
higher body fat percentage at seven years follow-up in offspring from the experimental versus 
control groups.77 While within-subject changes in infant weight were not directly reported, 
birthweight was lower in the intervention offspring but did not differ from controls at one year. 
This may be indicative of similar growth patterns to our findings in which MVPA, especially in 
the second and third trimester, was related to a quicker rate of growth and higher risk of catch-up 
growth. Contrasting our findings, another study selected 40 physically active women, 20 of which 
voluntary stopped exercising during pregnancy and a matching 20 other women who had engaged 
in at least 30 minutes of MVPA three or more times per week during pregnancy. Follow-up on the 
children born to mothers in this study at five years found lower body fat percentage in the 
exercising group versus active controls.76 Lastly, a randomized controlled trial, which included 
dietary counseling and 30 to 60 minutes of daily unsupervised moderate aerobic activity  in 
overweight and obese women, assessed child anthropometrics (intervention: n=77, control: n=73) 
between 2.5-3 years of age. This study found no difference in offspring BMI z-score at follow-
up.78 The differences in populations and methodology between the existing studies make it difficult 
to compare findings. Yet, taken together, maternal physical activity may have an effect on risk for 
catch-up growth. However, this effect may vary by time of exercise introduction, pre-pregnancy 
activity, age of follow-up on the children, and maternal BMI.  
To the best of our knowledge, our study is the first to examine the effects of sedentary 
behavior in pregnancy on catch-up growth or rapid growth. Offspring of women with higher 
amounts of sedentary time were born smaller, and, particularly for those women with high 
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sedentary time in the first trimester, were more likely to have rapid growth up to 24 months. Rapid 
growth, when accompanied by small size at birth, is associated with a higher long-term risk for 
cardiovascular disease, overweight, and obesity.33,45 Therefore, the potential negative impact of 
high sedentary time during early pregnancy on long-term health of the offspring requires further 
investigation.  
Due to the nature of this study, the mechanisms by which maternal MVPA or sedentary 
behavior may result in catch-up or rapid growth cannot be ascertained. One proposed mechanism 
by which this may occur is the mismatch theory (described in detail in Chapter 2,  Section 2.1). 
This theory suggests that differences between in utero and postnatal nutritional availability result 
in a metabolic mismatch66,67 that may lead to quicker rate of growth postnatally. The effects of 
maternal sedentary behavior and MVPA on nutrient availability during pregnancy could lead to a 
mismatch in pre- and postnatal environments, resulting in less healthy growth patterns during early 
childhood.  
MVPA in early pregnancy is related to increased placental volume and vascularization, 
which would in turn relate to improved nutrient delivery to the developing fetus.131 A review of 
the long-term offspring implications of exercise in pregnancy also suggests intermittent reductions 
in maternal glucose after exercise, specifically in late pregnancy, may result in placental 
adaptations and reduced nutrient delivery to the fetus overtime.132 This suggests that higher MVPA 
in late pregnancy may reduce nutrient delivery to the fetus, which would generally be considered 
an adverse effect (except in the presence of hyperglycemia or GDM). However, MVPA during 
pregnancy is consistently associated with a reduction of risk of a large for gestational age (LGA) 
birth without increasing the risk of small for gestational age. (SGA).20-24 Taken together, these data 
then suggest that MVPA may be protective of a nutritional excess to the fetus during late pregnancy 
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and, when matched with abundant nutrition postnatally, may increase the offspring’s risk for catch-
up or more rapid growth.  
Further, our findings in which higher sedentary behavior, specifically in early pregnancy, 
was related to more rapid growth rate could be explained by the same mismatch theory. Rather 
than exercise drawing nutrients away from the fetus, the placenta’s vascular capacity to transport 
nutrition to the fetus may be reduced with high amounts of sedentary time.17 This proposed 
mechanism is consistent with previous findings from our group in which high maternal sedentary 
time was related to smaller ponderal index at birth. One previous study of 206 individuals found 
that lower ponderal index was related to lower oxygen tension, a measure of blood flow and 
sufficiency of nutrient delivery, in the placenta.105 Insufficient early pregnancy nutrient delivery 
may inhibit the structure and function of developing organ systems, preparing the fetal physiology 
for less nutrition than what is then available postnatally.  
Lastly, our findings could also be related to postnatal exposures rather than in utero 
programming. While factors such as feeding type, primary caregiver interactions, and maternal 
diet have not been directly related to catch-up growth, they are related to childhood health.55 
Further, birth size and early childhood weight gain differ by maternal education, race, and 
socioeconomic status.110,111 Due to our small sample size and lack of racial and economic diversity, 
our ability to adjust for covariates was limited. However, the addition of available covariates to 
models did not change the significance or magnitude of associations. Our findings in which BMI 
z-score at birth attenuated the associations between maternal MVPA and catch-up growth would 
support in utero development increasing the risk of catch-up growth as opposed to postnatal 
exposures. Further research on postnatal correlates of catch-up growth are needed to disentangle 
fetal programming or postnatal environmental factors as mechanisms for catch-up growth.  
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Overall, these data suggest that activity patterns during pregnancy may have an effect on 
early childhood growth rates. Currently, physical activity during pregnancy is considered safe and 
encouraged due to multiple maternal-child benefits such as reduced risk for adverse pregnancy 
outcomes,  cesarean delivery, and LGA birth size.49  There are no recommendations for sedentary 
behavior, though increased attention to the potentially deleterious effects of excessive sedentary 
behavior on pregnancy and general health will inform future recommendations in the coming 
decades. 
5.3 Motor Development 
We hypothesized that higher maternal sedentary time and lower MVPA would relate to 
poorer motor development in early childhood. Our hypothesis was partly confirmed as higher 
levels of MVPA were related to more advanced fine motor (small muscle group control) and 
perception action (physical response to visual stimuli) scores between 13-30 months of age. On 
the other hand, being in the medium trajectory of MVPA, compared to low or high, was associated 
with later onset age of crawling. Sedentary behavior was not significantly associated with motor 
development scores in early childhood. Motor development is foundational for a child’s physical, 
social, and psychological health.79 Poorer motor development may have long-term consequences 
as it has been related to an increased risk for obesity and lower levels of MVPA in childhood.36,37 
These findings indicate that engaging in MVPA during pregnancy may have short- and long-term 
benefits for the child’s motor development and future physical activity.  
Few studies have examined the association between maternal MVPA in pregnancy and 
child motor development. Of the existing studies, measurement of development varies greatly 
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including cognitive, language, motor, and intelligence domains, making it difficult to compare 
findings.84-86,133 In one observational cohort study most similar to our study, including 528 
pregnant women, self-reported maternal leisure time physical activity in each trimester was 
collected and the Bayley Scales of Infant and Toddler Development was used to measure 
development of children at 1- and 2-years follow-up. This study found no difference in the motor 
development score across maternal physical activity levels in children at either follow-up 
timepoint.124 This cohort study differs from ours by measurement methodology for both physical 
activity and child development. Our study objectively measured MVPA and included all domains 
of MVPA accumulated throughout the day, while this study used self-reported leisure time 
physical activity only. Including all activity accumulated across the day may have provided a more 
sensitive and biologically relevant measure of overall physical activity habits, which in turn may 
be more strongly related to motor development than leisure time physical activity alone.  Another 
difference in methodology was their measure of motor development was directly assessed by 
trained research staff using a stronger measure of motor development than our parent-reported 
questionnaire.  
The association between maternal MVPA and child motor development has also been 
tested experimentally, with most studies finding no significant association. One structured exercise 
program included one in-person 60-minute exercise session and two at home 45-minute sessions 
of aerobic and strength exercise per week between 20-36 weeks of pregnancy. This study then 
compared developmental scores of children (intervention: n=164, control: n=115) at 7 years of age 
using the ‘Five-to-Fifteen’ motor development questionnaire. The results of this study found no 
difference in fine or gross motor score domains between children born to mothers in the 
intervention compared to the control groups.85  
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Further, another randomized controlled trial which also included one in-person and two at 
home 45-minute per week, but limited to aerobic exercise only, (intervention: n=188, control 
n=148) measured development using Bayley Scales of Infant and Toddler Development in children 
at 18 months old. There were no significant differences in overall motor development scores 
between intervention and control groups. However, while non-significant, children of mothers in 
the exercise intervention had lower motor scores than controls. Further, in subgroup analyses by 
sex, this difference became significant in boys only.86 It is important to note that, according to the 
authors, these differences in scores do not appear to be clinically meaningful. Lastly, and contrary 
to other findings, a small supervised exercise trial including three 50-minute moderate intensity 
aerobic exercise sessions per week with 27 intervention and 33 control participants measured 
motor development of children using the Peabody Developmental Motor Scales at one-month 
follow-up. This study found that, at one-month old, children born to the intervention mothers had 
significantly higher locomotion scores than controls.84 Scores were also higher for  stationary and 
gross motor domains compared to controls but were not statistically significant. Overall, these 
studies differ from ours by the use of experimental manipulation of exercise.  Our observational 
design may capture more habitual exercise which may explain the different findings. Further, the 
varying age of follow-up and motor development measurement tools in the existing literature 
makes comparison difficult. Taken together, habitual exercise may have a positive impact on early 
childhood motor development, while introducing activity during pregnancy may have no effect or 
only short-term benefit84 on motor development. Further investigation is needed to better 
understand the short- and long-term developmental implications of MVPA during pregnancy. 
To the best of our knowledge this is the first study to examine the association between 
maternal sedentary behavior. Therefore, our findings in which maternal sedentary behavior, across 
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pregnancy or in any trimester, did not relate to early childhood gross motor, fine motor, or 
perception action cannot be put into a broader context for comparison. However, our data do offer 
novel evidence that maternal sedentary behavior does not appear to impact early childhood motor 
development due to the small magnitude and non-significance of associations observed.  
Further, no previous studies have examined associations between maternal activity profile 
and crawling or walking onset age. Though statistically nonsignificant, age of walking onset 
appeared to be directly associated with higher maternal sedentary behavior trajectories and 
indirectly associated with higher MVPA trajectories, indicating a potential dose response 
association. Our findings in which being in the medium MVPA trajectory, compared to low or 
high, was related to a later age of crawling onset contrast our other findings in which MVPA was 
related to more advanced development. However, the difference in crawling onset age (7.79 versus 
6.94 months) may not being clinically meaningful. Also, retrospective recall error in crawling 
onset age may be one explanation for this association. These findings warrant further investigation.  
While we cannot say for certain the mechanisms by which MVPA in pregnancy may lead 
to more advanced motor development in early childhood as we did not formally study these, we 
propose two possibilities. The first is related to the Developmental Origins of Health and Disease 
theory.  This theory would posit that higher levels of MVPA, primarily in early pregnancy, could 
aid in improved fetal development. Early pregnancy is when the structure and function of organ 
systems are being developed, as opposed to late pregnancy when fetal growth is primarily body 
fat development. Maternal MVPA during  pregnancy is associated with improved nutrient sensing 
and vascularization of the placenta.18,19 Improved nutrient transport in early pregnancy may relate 
to more optimal development of musculoskeletal and organ systems in utero which may allow for 
more advanced motor development in childhood. This could be consistent with our findings in 
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which adjustment for BMI z-score at birth did not explain the associations between maternal 
MVPA and fine motor and perception action scores. This suggests any effect of MVPA in late 
pregnancy would impact fat deposition and soft tissue growth, which was no longer associated 
with motor development in our analysis. Therefore, the early pregnancy effects on musculoskeletal 
and organ system development related to MVPA may be a plausible mechanism by which higher 
MVPA relates to improved motor development.  
The second proposed mechanism is postnatal exposure (i.e., ‘nurture’). Our study was 
observational in nature and, therefore, likely captured habitual exercise. Although not measured in 
this study, those with high levels of MVPA during pregnancy may be more likely to be physically 
active postpartum. Further, we propose that women who are more active themselves may also be 
more active with their child, which would encourage motor developmental behaviors. However, 
evidence supporting a direct relationship between parental activity and child motor development 
is limited. More advanced motor development has been associated with higher levels of physical 
activity in children99 and physically active parents are more likely to have physically active 
children.134 One study found that higher levels of paternal, not maternal, accelerometer-measured 
MVPA was associated with improved motor development in 846 preschool aged children.135 In 
contrast, another observational study actually found that maternal self-reported physical activity 
was related to poorer object control, a domain of motor development in the Test for Gross Motor 
Development-2.136 Though plausible, current data do not draw a clear link between maternal 
physical activity in pregnancy or post-partum with motor development in children. Further studies 
are needed to elucidate the mechanism by which maternal MVPA may relate to motor 
development. Future research should examine environmental and social determinants of childhood 
motor development as well as the examination of physiological differences or biomarkers related 
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to improved motor development in order to differentiate between the effects of nature versus 
nurture.  
Overall, maternal activity occurring early in pregnancy may relate to more advanced motor 
development while introduction of activity later in pregnancy may not have an effect. The 
mechanism by which this may occur remains uncertain. Further, maternal sedentary behavior does 
not appear to relate to motor development, but more evidence is needed as our study has limitations 
in size and rigor and was the first to examine this association.  
5.4 Strengths and Limitations 
The primary strength of this study was the objective measurement of sedentary time and 
physical activity across all trimesters of pregnancy. Having multiple measures during pregnancy 
allowed for analysis by pattern across pregnancy and by each trimester. Further, the prospective, 
observational design allowed for assessment of habitual sedentary behavior and MVPA and the 
ability to establish temporality of the prenatal exposures with postnatal outcomes. Other strengths 
include data collection from medical records which included anthropometrics objectively 
measured by clinicians. This also allowed for analyses using multiple measurement time points for 
each subject to get a more accurate measure of growth rate during early childhood.  
This study also had limitations. The small sample size and limited racial, educational, and 
socioeconomic diversity affected our ability to adjust for possible confounders in our analyses. 
While adjustment for these variables one at a time did not change our results, this could be 
attributed to a lack of power to detect differences. We also had limited ability to adjust for 
confounders as there was minimal variability within sociodemographic variables commonly 
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controlled for in other studies. As discussed in Chapter 2, Section 2.4, there are documented racial, 
socioeconomic, and educational differences in birth size and growth rate. The results found in our 
study may differ in mothers and children of racial/ethnic minority groups and our inability to 
stratify findings or control for these potential confounders limits the generalizability.  
Another limitation of this study is the use of parent-reported motor development using the 
Early Motor Questionnaire. While this tool is considered valid and reliable compared to 
objectively-measured motor development tools, there is the risk of bias or misrepresentation of 
motor development ability with parent report. Over- or under-reporting of motor development by 
the mothers could have influenced our results. Further, this questionnaire was also collected in a 
non-systematic time frame (from 13 to 30 months), and sometimes outside of the optimized 
window (after 24 months old). Lastly, due to the observational nature of this study, we cannot 
determine causality of our findings. As we did not experimentally manipulate maternal activity 
patterns during pregnancy, we cannot say for certain that changing sedentary time or MVPA would 
elicit the same effects. However, despite these limitations, our findings inspire future study of the 
association between maternal activity profiles and early childhood growth and development. 
5.5 Future Directions 
Though our findings that activity profile relates to early childhood growth and motor 
development adds to the current Developmental Origins of Health and Disease literature, more 
evidence is needed in several areas. First, studies with longer follow-up on childhood health 
outcomes are needed.  The long-term implications of catch-up growth in the absence of small birth 
size as well as differences in motor development in early childhood are needed to ascertain whether 
 72 
the benefits or detriments of MVPA in pregnancy are clinically meaningful. Next, in order to 
understand the mechanisms by which activity in pregnancy relate to short- and long-term health 
of the offspring, studies should aim to disentangle the impact of in utero and postnatal exposures. 
Examination of postnatal determinants of catch-up growth or motor development, biomarkers and 
physiological differences in children at birth by maternal activity, and experimental manipulation 
of modifiable factors related to these childhood health outcomes are needed to gain clarity on these 
mechanisms and to inform intervention design. Further, more rigorous measurement of motor 
development by trained researchers using validated tools as well as measurement at systematic 
time points across childhood are design elements that could more precisely measure outcomes and 
improve future studies.  Evidence in larger and more diverse samples but maintaining the objective 
measures of sedentary behavior and MVPA during pregnancy is also needed to confirm our 
findings and to determine if our findings differ by important sociodemographic factors. 
Understanding whether our findings persist across more diverse populations is critical to inform 
culturally sensitive and tailored interventions or recommendations regarding activity in pregnancy. 
Further, a better understanding of the optimal maternal activity profile for offspring health is 
needed. This could include further examining maternal activity intensities (light, moderate, or 
vigorous) or type (occupational or leisure time physical activity) to understand potential 
differential effects on childhood health outcomes. Additionally, studies including experimental 
manipulation of sedentary behavior and MVPA in pregnancy are needed to determine if changing 
these behaviors results in improved growth or development of the offspring. This could include 
exercise interventions to increase MVPA or interventions focused on reducing sedentary behavior.  
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5.6 Conclusions 
There is substantial evidence to suggest that early life exposures and health are strongly 
related to health outcomes across the lifespan. Our findings indicate that maternal activity 
behaviors during pregnancy may have implications on early childhood health. Within the context 
of the Developmental Origins of Health and Disease theory, our findings propose modifiable 
prenatal exposures by which risk for non-communicable diseases of the offspring may be 
impacted. While the potential benefits of maternal MVPA for early childhood motor development 
are notable, the potential deleterious effects of higher levels of MVPA on risk for catch-up growth 
and more rapid growth warrant further investigation. Furthermore, high amounts of sedentary 
behavior were related to more rapid early childhood growth, adding to a growing body of evidence 
on the adverse effects of high amounts of sedentary time during pregnancy. This reinforces the 
need for sedentary behavior research and consideration of sedentary behavior recommendations 
for pregnant women. Overall, maternal activity profile shows promise as a modifiable risk factor 
to improve intergenerational health.  
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Appendix A  
Recruitment Flyer 
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Appendix C  
Demographic and Health Questionnaires 
a. What is the highest grade in school you have finished? (Check one)  
 Did not finish elementary school  
 Finished middle school (8th grade)  
 Finished some high school  
 High school graduate or G.E.D  
 Vocational or training school after high school  
 Some College or Associate degree  
 College graduate or Baccalaureate Degree  
 Masters or Doctoral Degree (PhD, MD, JD, etc)  
 
b. What is your current marital status? (Check One) 
 Married  
 Living in a marriage-like relationship  
 Separated or divorced 
 Widowed 
 Single / Not Married 
 
c. What insurance covers most of your health care costs? 
□ Medicaid  
□ Medicare  
□ Private (Blue Cross, UPMC, Health America, etc.)  
□ None  
□ Don't know  
 
d. What is your annual household income (in thousands)? (read choices) 
 Less than 10 thousand  
 10 to less than 20  
 20 to less than 35  
 35 to less than 50  
 50 to less than 75  
 75 to less than 100  
 100 to less than 150  
 150 or more  
 Don't know  
 Refused to answer  
 
e. Do you currently smoke tobacco on a daily basis, less than daily, or not at all? 
 Daily 
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 Less than daily 
 Not at all 
 Don’t know 
 
Please answer the following questions regarding the child you were pregnant with during 
your participation in the MoM Health Study 
 
f. Is your child of Hispanic or Latino origin?  
 Yes  
 No     
 
g. Which race best describes your child? (Check all that apply)  
 White or Caucasian  
 Black or African American  
 American Indian/Native American  
 Native Hawaiian or other Pacific Islander  
 Asian  
 Other: _________________________ 
h.  Which adults does your child primarily (>50% of the time) live with? (Check all that apply) 
 With mother and father 
 Only mother 
 Only father  
 With mother and her partner  
 With father and his partner 
 With grandparents 
 Other adult(s) (please specify) _______________________________ 
i. On average, how many days per week does your child attend childcare? _______ days 
 
j. On average, how many hours per day does your child attend childcare? ________ hours 
 
k. How many persons live in the household where your child currently lives? 
  ___ ___ people 
a. (if ≥1) How many of these are children under the age of 18? ___ ___ children 
i. (if yes to children) What are the ages of the children in your household? 
Child 1: ___ ___ years 
Child 2: ___ ___ years 
Child 3: ___ ___ years 
Child 4: ___ ___ years 
Child 5: ___ ___ years 
Child 6: ___ ___ years 
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l. What is your child’s date of birth? __ __ / __ __ / __ __ __ __ (mm/dd/yyyy) 
 
m. How old is your child? ____ months 
 
n.  Does your child have any medical conditions for which they currently under the care of a 
doctor or other health professional? 
 
Condition What age was your child at the 
time of diagnosis? 
Describe treatment 
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Appendix D  
Breastfeeding Questionnaires 
a) Did you ever breastfeed your baby (or feed your baby your pumped milk)?  
 NO     Skip to next questionnaire 
 YES   Continue 
b) Have you completely stopped breastfeeding and pumping milk for your baby? 
 NO     Go to question d  
 YES   Continue 
 
c) How old was your baby when you completely stopped breastfeeding and pumping milk?  
________  WEEKS OR________  MONTHS 
 
(if stopped breastfeeding) When you were breastfeeding or pumping milk for your baby, 
were you exclusively breastfeeding/pumping or did you supplement with formula? 
 Exclusive breastfeeding   
 Supplemented with formula 
 
(if currently breastfeeding) Are you exclusively breastfeeding/pumping or do you 
supplement with formula? 
 Exclusive breastfeeding   
 Supplementing with formula 
 
(if baby has received formula) How old in months was your baby when they started 
drinking formula? 
 Newborn   
 1 month 
 2 months 
 3 months 
 4 months 
 5 months 
 6 months 
 
d) Has your baby started eating solid foods? 
 NO     Go to next questionnaire 
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 YES   Continue 
 
(if baby has received solid foods) How old in months was your baby when they started 
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Appendix F  
Walking and Crawling Onset 
Based on memory or with the assistance of diary, photo, or video records please recall the 
following information to the best of your ability. Answer DNR if you do not remember 
 
a)At what age was your child able to crawl? 
_____  _________  months 
 
b)How did you estimate when your child began to crawl unaided? 
○ memory  ○ diary, instagram/facebook, or other calendar record 
○ dated video or picture 
 
c)At what age was your child able to independently walk unaided? 
_______  _________  months  
 
d)How did you estimate when your child began to walk unaided? 
○ memory  ○ diary, instagram/facebook, or other calendar record 
○ dated video or picture  
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